n +NAS = [NDVIO + nldJDC )] +N DS '
where ifJnc = (g Do lgDl )N c T3/2 exp( -EnclkT) . (1) Here, N'c = 2(21Tm~k)3/2/h 3, E DC is the absolute-energy difference (activation energy) between the deep donor and the conduction band, gDO (gD 1) is the degeneracy of the unoccupied (occupied) deep donor level and all other constants have their usual meanings. Exactly the same form of equation results if we consider a deep acceptor, emitting holes to the valence band.
2 Then, for p > n, p+N DS = [NAA/(l +plt,bAV) ] +N AS ' (2) where
Here, E A V is the activation energy with respect to the valence band. Thus, except for the flip of the degeneracy factor, statistics for acceptors emitting holes to the valence band are exactly the same as those for donors emitting electrons to the conduction band. This fact is well known and causes no confusion.
What can cause confusion, however, is the case of a deep acceptor (donor) emitting electrons (holes) to the conduction (valence) band. The problem here is that a level relatively near the conduction (valence) band is naturally as~ sumed to be a donor (acceptor), but such an assumption is not necessarily correct.
3 Consider the case of an acceptor emitting electrons to the conduction band, as depicted in Fig. 1 We write Eq.
(1) as
where the superscript (d) denotes the donor fit. Similarly, Eq. (3), the "acceptor" fit becomes
(5)
The form of both equations is n 2 + bn + c = 0 and, furthermore, the general temperature dependencies of b (a) and cia) are identical to those of b (dJ and c W , respectively, so that a least-squares computer solution of n vs T will give
By taking a temperature derivative of Eq. 6(a) we get d¢ifJ:ldT = d¢.~a;;ldT, or ¢1
, and their respective terms cancel in Eq. 6(a) and6(b). By subtracting Eq. 6(b) frornEq. 6(a), we get the final relationships:
Also, from ¢JfJ: = dJ~'2:, it is clear that E 1' 2 = E ~,::!. Thus, the computer fit of n vs T gives the same concentration for the deep level, whether it is assumed to be a donor or an acceptor. The compensating centers, N m ; and N AS ' will not be equal, of course. The whole situation is ilIustrated in Fig. 1 . One might then ask how the donor and acceptor cases can be distinguished. Analytical techniques, such as secondary ion mass spectroscopy (SIMS), are useful if the electrical activity of most of the common impurities is known. That is, for the donor case to be correct, N AS >NJ)s, and for the acceptor case, N AS < N DS' Further information can be obtained from mobility data, especially if low-temperature data, which are sensitive to the ionized-impurity concentration, N I , can be obtained. For the donor case, N }d) = 2N AS + n, while for the acceptor case,
-r------------------------------------------____ ___
It is possible that only one of these relationships may be consistent with the corresponding n vs T fit.
Finally, the relationships (7a) and (7b) can be usefulin that if one of the equations [Eqs. (1) or (3)] is fitted, the results for the other case are obtained immediately. An example is given in Fig. 2 and Table I , where the energies are with respect to the conduction band. From SIMS data, the total concentration of all common shallow donors (Si, S, and Se) is about 2 X 10 15 cm-3
• Therefore, from Table I , the donor fit gives N AS ~7 X lOIS cm-3 , and the acceptor fit, N AS = 1 X 10 15 cm-3 , whereN As , in this case, includes all acceptors below Ec -0.13 eV. Since the Mg and Fe concentrations alone total about 3 X 10 15 em -3, according to SIMS, it appears that the donor case is more reasonable. Mobility data support this assignment, although inhomogeneous current conduction can sometimes give an artificially low mobility.4
In summary, we have tried to point out that a relatively deep (nonhydrogenic) level may not a priori be declared a donor or acceptor simply because it is close to the conduction or valence bands, respectively, and that the usual statistical analysis of temperature-dependent carrier-concentration data can also, by itself, not distinguish between the two cases. Although this latter fact follows from a rather trivial analysis, it appears to not be generally realized at this time.
The analysis also gives the relationships between the various parameters in the two cases. The work of D. C. L. was performed at the Avionics Laboratory, Wright-Patterson Air Force Base, under contract no. F33615-84-C-1423. We wish to thank T. A. Cooper for performing the electrical measurements.
